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Partially-ordered magnets are distinct from both spin liquids and conventional ordered magnets because order
and disorder coexist in the same magnetic phase. Here, we determine the nature of partial order in the canoni-
cal frustrated pyrochlore antiferromagnet Gd2Ti2O7. Using single-crystal neutron-diffraction measurements in
applied magnetic field, magnetic symmetry analysis, inelastic neutron-scattering measurements, and spin-wave
modeling, we show that its low-temperature magnetic structure involves two propagation vectors (2-k structure)
with suppressed ordered magnetic moments and enhanced spin-wave fluctuations. Our experimental results
support theoretical predictions of thermal fluctuation-driven order in Gd2Ti2O7.
Geometrical frustration is a central theme of condensed-
matter physics because it can generate exotic magnetic states.
These states can typically be divided into spin liquids, in
which frustration inhibits long-range magnetic order, and spin
solids, in which perturbations to the dominant frustrated in-
teractions drive magnetic order [1]. Defying this classifica-
tion, some frustrated magnets exhibit partial magnetic order
[2–8]—the coexistence of order and disorder in the same mag-
netic phase. Magnetic partial order can be driven by fluctua-
tions in an “order-by-disorder” scenario [9], by interactions
between emergent degrees of freedom in spin-fragmented
states [10–12], or by proximity to a quantum critical point
[13], while structural partial order can drive the behavior of
materials such as fast-ion conductors [14, 15], Pb-based pho-
tovoltaics [16, 17], and high-pressure elemental phases [18].
To benchmark theories of partially-ordered states [9, 19, 20],
experimental determination of the nature of partial order in
real materials is crucial.
Materials in which magnetic ions occupy a pyrochlore lat-
tice of corner-sharing tetrahedra provide opportunities for re-
alizing exotic frustrated states [21]. The frustrated pyrochlore
antiferromagnet Gd2Ti2O7 is a canonical partially-ordered
system in which magnetic Gd3+ ions (S = 7/2) undergo two
phase transitions at T1 = 1.1 K and T2 = 0.75 K [22–26]. Both
low-temperature (LT; T  T2) and intermediate (T2 < T < T1)
phases have magnetic propagation vector k= ( 12
1
2
1
2 ) [27, 28]
and are partially ordered, as shown by the coexistence of mag-
netic Bragg and diffuse scattering in polarized-neutron scat-
tering measurements [28]. However, the LT magnetic struc-
ture of Gd2Ti2O7 has not yet been conclusively solved, for
two reasons. First, the large neutron absorption cross-section
of natural Gd makes neutron-scattering experiments on large
crystals challenging. Second, most experimental probes are
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FIG. 1. Basic candidate structures for Gd2Ti2O7, showing (a) 1-k,
(b) 2-k, (c) 3-k, and (d) 4-k structures. The symmetry of each struc-
ture is labeled. A single crystallographic unit cell is shown in each
case; spin orientations are reversed in adjacent unit cells because
of the k = ( 12
1
2
1
2 ) propagation vector. Spin directions are shown
as arrows with lengths proportional to the ordered moment magni-
tude µord. Arrows of different colors indicate symmetry-inequivalent
magnetic sites, and paramagnetic sites with zero µord in (a) and (d)
are shown as grey spheres.
unable to distinguish a magnetic structure that orders with a
single k=( 12
1
2
1
2 )wavevector (“1-k structure”) from structures
that superpose symmetry-equivalent k ∈ 〈 12 12 12 〉 (n-k struc-
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2tures, where n ∈ {2,3,4} in this case). Four such candidate
structures for Gd2Ti2O7 are shown in Fig. 1. All are partially
ordered, but each has a different modulation of the ordered
magnetic moment µord: the 1-k and 4-k structures have 25%
interstitial paramagnetic sites, whereas 2-k and 3-k have more
complicated µord modulations. It was proposed in Ref. 28
that magnetic diffuse-scattering measurements support a 4-k
structure with cubic magnetic symmetry. However, this re-
sult was called into question by the observation of transverse
magnetization in small applied magnetic fields H ‖ 〈112〉 and
〈100〉, which is inconsistent with cubic symmetry [29, 30].
Moreover, theoretical modeling suggests that, while the inter-
mediate structure is 4-k and stabilized by fluctuations, the LT
ground state may actually be 2-k [9]—a striking prediction
that has awaited a conclusive experimental test.
In this Letter, we experimentally determine the nature of
partial magnetic order in Gd2Ti2O7 using neutron-scattering
measurements of isotopically-enriched powder and single-
crystal samples, combined with symmetry analysis and spin-
wave calculations. We show that the LT state of Gd2Ti2O7
is actually 2-k, in agreement with theory [9] but in contra-
diction with the interpretation of previous experiments [28].
Our paper is structured as follows. We first present single-
crystal neutron-diffraction measurements in applied magnetic
field that indicate non-cubic magnetic symmetry. We then per-
form a comprehensive symmetry analysis of candidate mag-
netic structures. Finally, we show that only a 2-k structure is
consistent with LT inelastic neutron-scattering (INS) data.
Measurements of magnetic Bragg intensities in zero ap-
plied magnetic field do not directly distinguish the structures
shown in Fig. 1, due to spherical averaging in powder sam-
ples and averaging over degenerate magnetic domains in sin-
gle crystals—a phenomenon known as the “multi-k prob-
lem” [31]. To address this problem, we performed neutron-
diffraction measurements on a ∼10 mm3 single crystal using
the WISH diffractometer at ISIS [32], and applied a weak
magnetic field H ‖ [11¯0] to break the domain degeneracy at
T = 0.07 K after zero-field cooling. The sample was cut from
a larger crystal prepared by the floating-zone image furnace
method [33, 34] and was 99.4% enriched with 160Gd to min-
imize absorption. Domains of the cubic 4-k structure are re-
lated only by translational and time-reversal symmetries and
hence appear identical to neutrons, whereas domains of other
n-k structures have different diffraction patterns. A field-
induced domain imbalance is therefore expected to leave the
diffraction pattern unchanged only if the LT structure is 4-k.
The magnetic field dependence of selected magnetic Bragg
intensities is shown in Fig. 2. Magnetic Bragg peaks in the
(hhl) plane disappear in small applied field 0.2 ≤ µ0H ≤
0.5 T, while the intensity of magnetic Bragg peaks outside the
(hhl) plane increases. These observations are incompatible
with the cubic 4-k structure, unless the applied field actually
caused a magnetic phase transition rather than a domain im-
balance. This scenario occurs in Er2Ti2O7 [35], but is unlikely
in Gd2Ti2O7, in which there is no experimental evidence for
such a phase transition in either specific heat [25] or torque
Q (Å–1)
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FIG. 2. Intensities of selected single-crystal magnetic Bragg peaks
at different values of applied magnetic field H ‖ [11¯0] at T = 0.07 K.
Magnetic Bragg peaks are labelled in each panel; left-hand panels
show peaks within the (hhl) plane and right-hand panels show peaks
outside the (hhl) plane. Points are colored as follows: µ0H = 0
(black hollow circles), µ0H = 0.1 T (blue filled diamonds), µ0H =
0.2 T (green filled triangles), and µ0H= 0.5 T (red hollow squares).
For clarity, only µ0H = 0 and µ0H = 0.5 T are shown in the right-
hand panels. For the ( 32
3
2
7
2 ) peak, the integrated intensity is 0.11(2)
units for H = 0 and 0.22(2) units for µ0H = 0.5 T, consistent with
the expected doubling (the estimated background is shown as a light
blue line).
magnetometry [29] measurements for H ‖ 〈110〉 of less than
2T at base temperature. The field-induced uniform magneti-
zation is also too small to suppress magnetic Bragg peaks fully
for 0.2 ≤ µ0H ≤ 0.5 T (M≈ 0.2µB for µ0H ≈ 0.2 T [26, 30]).
These observations strongly disfavor the cubic 4-k structure,
but do not distinguish candidate non-cubic structures.
To constrain further the LT magnetic structure, we reinter-
pret published powder-neutron diffraction data [28] using a
comprehensive symmetry analysis. Fig. 3 shows data col-
lected in the LT phase (0.25 K) using the D20 diffractome-
ter at the ILL [36]. Nearly all the features of the data can
be modeled using a single magnetic irreducible representa-
tion (“irrep”), denoted L1+ in Miller and Love’s notation
[Fig. 3(a)] [37]. The L1+ model is the best currently avail-
able for Gd2Ti2O7, and generates the four basic n-k struc-
tures shown in Fig. 1. Crucially, however, the ( 12
1
2
1
2 )magnetic
Bragg peak observed in the 0.25 K experimental data is absent
for the L1+ model [inset to Fig. 3(a)]. This result suggests that,
while the L1+ irrep is the main contributor to the LT magnetic
structure, at least one other irrep must also be present. We
therefore tested the four possible combinations of L1+ with
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FIG. 3. Experimental powder neutron-diffraction data (from
Ref. 28, λ = 2.42 Å) in the LT phase (0.25 K) and Rietveld fits
for (a) the L1+ irrep, (b) the (L1+,L3−) irrep pair, and (c) and the
(L1+,L3+) irrep pair. Experimental data are shown as black points,
fits as red lines, and data–fit as blue lines. For each model, the
number of free parameters (magnetic distortion modes) n and the
goodness-of-fit metric Rwp are shown. The insets show the ( 12
1
2
1
2 )
magnetic Bragg peak on an expanded scale.
one other irrep (L2+, L3+, L1−, or L3−). Only the (L1+,L3−)
and (L1+,L3+) combinations allow nonzero intensity of the
( 12
1
2
1
2 ) peak and so are candidates. For each of these irrep
pairs, we generated structural models using the Isodistort pro-
gram [38, 39], and treated the magnetic distortion-mode am-
plitudes as free parameters which we optimized against our
diffraction data using Topas Academic [40].
Fig. 3 compares fits to diffraction data for the single-irrep
L1+ model with the two-irrep (L1+,L3−) and (L1+,L3+) mod-
els. The two-irrep models yield an improved overall fit to
the data—in particular, to the ( 12
1
2
1
2 ) peak—by increasing the
number of free parameters as indicated in Fig. 3. Unfortu-
nately, the inclusion of an additional irrep also increases the
number of candidate structures from four to 32 (see SM), all
consistent with powder-diffraction data. We therefore apply
the criterion that no site should have µord > 7.0µB—the max-
imum value for S = 7/2 Gd3+ ions—which reduces the num-
ber of candidate structures to eight. Four of these are mono-
clinic (L1+,L3−) variants of the 1-k structure, in which para-
magnetic spins order with a small µord [28]. However, these
structures are disfavored by symmetry because the L3− irrep
is not a symmetry-allowed secondary order parameter (SOP)
here [38, 39]. The other four comprise three 2-k structures
and one 4-k structure, of which only two (L1+,L3+) 2-k struc-
tures contain a symmetry-allowed SOP. These two-irrep struc-
tures are consistent with the moment-length constraint, but the
single-irrep 2-k structure is not, and was therefore neglected
in previous work [28]. Importantly, however, the moment-
length constraint rules out all 3-k structures, so we do not
consider these further.
Since magnetic Bragg scattering does not fully distinguish
candidate structures, we turn to high-resolution INS experi-
ments. Measurements were performed using the DCS spec-
trometer at NIST [41] on a ∼0.2 g portion of the powder sam-
ple studied in Ref. 28. An incident wavelength of 8 Å yielded
an energy resolution ≈ 0.025 meV (FWHM). Figs. 4(a) and
4(b) show background-subtracted powder INS data in the in-
termediate phase (0.77 K) and the LT phase (∼0.05 K), re-
spectively. The magnetic scattering at 0.77 K is broad in Q
and E. By contrast, the LT data show two relatively flat modes
at energies of approximately 0.06 meV and 0.17 meV. We per-
formed additional INS measurements on a thin piece of our
single crystal using the CNCS spectrometer at ORNL, which
show that the background-subtracted single-crystal scattering
integrated over (h,k, l) = (0± 1,0± 1, 32 ± 12 ) resembles the
powder data [Fig. 4(c)]. Our observation of a mode at very
low energy (0.06 meV) is consistent with observations of low-
energy dynamics in neutron spin echo [42] and muon-spin ro-
tation [43, 44] experiments.
We use linear spin-wave theory to test models against the
LT excitation spectrum. The minimal spin Hamiltonian for
Gd2Ti2O7 is given by
H = J1 ∑
〈i, j〉
Si ·S j + J2 ∑
〈〈i, j〉〉
Si ·S j +D∑
i
(Szi )
2+Hdip, (1)
where J1 and J2 denote Heisenberg exchange interactions be-
tween nearest neighbor and next-nearest neighbor spin pairs,
which are denoted by angle brackets 〈〉 and 〈〈〉〉, respectively;
D is a single-ion anisotropy term that arises from mixture of
the excited 6S7/2 atomic state into the 8S7/2 ground state [45];
and Hdip is the long-ranged magnetic dipolar interaction with
energy scale DdipS(S+1)= 0.84 K [22]. We take J1S(S+1)=
4.8 K [22], and include a small ferromagnetic J2 =−0.04J1 to
stabilize k = ( 12
1
2
1
2 ) ordering [9, 20, 22]. Electron-spin reso-
nance (ESR) experiments find an easy-plane anisotropy that
favors spin alignment perpendicular to local 〈111〉 axes [45];
we take DS2 = 1.5 K to match our INS data. Further evidence
for this Hamiltonian comes from measurements of the param-
agnetic (T > T1) diffuse scattering using the D4 diffractometer
at the ILL [46], which are consistent with Monte Carlo simu-
lations [47] for these parameters (see SM).
A prerequisite for spin-wave modeling is that the magnetic
structure is a local energy minimum of Eq. (1). Using the
SpinW program [48], we tested which of the eight candi-
date structures are proximate to energy minima by iteratively
aligning each spin with its mean field and checking for sta-
4FIG. 4. (a) Inelastic neutron scattering data collected on a powder sample in the intermediate phase (0.77 K). (b) Powder INS data collected
in the LT phase (∼0.05 K). (c) Single-crystal INS data integrated over (h,k, l) = (0± 1,0± 1, 32 ± 12 ) in the LT phase (0.05 K, solid red
diamonds) and intermediate phase (0.85 K, empty grey circles). (d) Optimized 2-k magnetic structure. (e) Powder-averaged linear spin-wave
theory (LSWT) calculation for the L1+ 4-k structure. (f) Powder LSWT calculation for the optimized (L1+,L3+) 2-k structure discussed in
the text. (g) Powder LSWT calculation for the L1+ 1-k structure. (h) Powder INS data and spin-wave calculations at 0.05 K. Grey crosses
show the measured elastic line (−0.03 < E < 0.03 meV; vertically shifted for clarity), empty blue diamonds show the measured low-E mode
(0.03≤ E < 0.12 meV), and filled red circles show the measured high-E mode (0.12≤ E ≤ 0.21 meV). Spin-wave calculations for low-E and
high-E modes are shown as blue and red lines, respectively, and have been vertically scaled by the same factor to match the experimental data.
bility via the absence of imaginary spin-wave modes. Two
candidate structures—one 2-k and one 4-k—are locally sta-
ble; both derive from the (L1+,L3+) irrep pair that yields the
best fit to diffraction data [Fig. 3(c)]. By contrast, all can-
didate 1-k structures with nonzero interstitial µord are unsta-
ble. Fig. 4(d) shows the optimized (L1+,L3+) 2-k structure,
which resembles the refined structure (see SM). Compared
to the L1+ 2-k structure shown in Fig. 1(b), it has canted
magnetic moments with more uniform magnitudes, µord/µB ∈
{6.1(1),4.6(1),6.2(1)} in a 1:1:2 ratio. However, the sup-
pression of µord compared to its theoretical value of 7.0 µB
indicates partial ordering. Figs. 4(e), 4(f), and 4(g) show
the calculated spin-wave spectra for the L1+ 4-k, (L1+,L3+)
2-k, and L1+ 1-k structures, respectively. The 1-k and 4-
k calculations strongly disagree with the 0.05 K experimen-
tal data. By contrast, the 2-k calculation reproduces well
the experimental data, most importantly the prominent low-
energy (∼0.06 meV) mode. The Q dependences of the low-E
(0.03 ≤ E < 0.12 meV) and high-E (0.12 ≤ E ≤ 0.21 meV)
modes confirm this agreement [Fig. 4(h)]. We therefore con-
clude that the (L1+,L3+) 2-k structure is the correct LT model.
Our experimental result that the LT structure of Gd2Ti2O7
is 2-k confirms state-of-the-art theoretical predictions [9] and
solves a longstanding problem in the field of frustrated py-
rochlore oxides. However, it contradicts a previous experi-
mental study [28], which proposed a 4-k LT structure based
on analysis of LT magnetic diffuse scattering. This study
did not consider 2-k structures, because the single-irrep 2-k
structure is unphysical and two-irrep 2-k structures were not
identified. It also assumed that ordered sites contribute no
diffuse scattering; however, this assumption is incorrect be-
cause spin-wave scattering from ordered sites contributes to
the energy-integrated diffuse intensity. In a fully-ordered sys-
tem, µord/µB = 2S, so that spin-wave scattering comprises
1/(S + 1) = 22% of the total intensity for S = 7/2. By
contrast, partially-ordered Gd2Ti2O7 has µord/µB < 2S; by
combining the refined values of µord with the total-moment
sum rule, we estimate that LT diffuse scattering comprises
46(2)% of the total intensity. Since the elastic scattering
(|E| < 0.03 meV) is essentially flat away from Bragg peaks,
whereas the inelastic scattering shows clear Q dependence
[Fig. 4(h)], the LT diffuse scattering arises primarily from
spin-wave fluctuations and not from static spin disorder or re-
laxational (paramagnetic) spin dynamics. The LT partial or-
dering of Gd2Ti2O7 is therefore 2-k with reduced ordered mo-
ments and enhanced spin-wave fluctuations. The orthorhom-
bic symmetry of this structure is expected to drive a crystal-
lographic distortion via spin-lattice coupling; however, our
additional high-resolution powder neutron diffraction mea-
surements do not show clear evidence of peak splitting, and
5while a statistically-significant rhombohedral distortion could
be refined (see SM), orthorhombic refinements were incon-
clusive due to their increased number of parameters. The
intermediate-temperature partial ordering is also unusual. A
4-k structure is predicted to be stabilized by thermal fluctua-
tions at T1 [9], consistent with the absence of the ( 12
1
2
1
2 ) mag-
netic Bragg peak in the intermediate phase [28]. However,
our 0.77 K INS data show only broad inelastic features, in-
consistent with spin-wave predictions. This unexpected result
may be explained if periodically-arranged paramagnetic sites
in a 4-k structure suppress propagating spin-wave excitations,
similar to the effect of paramagnetic impurities [49]. This in-
triguing possibility requires further theoretical investigation.
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